Hydrogen-free diamond-like carbon ͑DLC͒ films have been deposited with a 100 fs ͑FWHM͒ Ti:sapphire laser beam at intensities I in the 10 14 -10 15 W/cm 2 range. The films were studied with scanning probe microscopy, variable angle spectroscopic ellipsometry, Raman spectroscopy, and electron energy loss spectroscopy. DLC films with good scratch resistance, excellent chemical inertness, and high optical transparency in the visible and near infrared range were deposited at room temperature. As the laser intensity was increased from 3ϫ10 14 to 6ϫ10 15 W/cm 2 , the films showed an increased surface particle density, a decreased optical transparency (85%˜60%), and Tauc band gap (1.4˜0.8 eV), as well as a lower sp 3 content (60%˜50%). The time-of-flight spectra recorded from the laser plume exhibited a double-peak distribution, with a high energy suprathermal ion peak preceding a slower thermal component. The most probable ion kinetic energy showed an I 0.55 dependence, increasing from 300 to 2000 eV, when the laser intensity was varied from 3ϫ10 14 to 6ϫ10 15 W/cm 2 , while the kinetic energy of suprathermal ions increased from 3 to over 20 keV and showed an I 0.33 dependence. These high energy ions are believed to have originated from an electrostatic acceleration field established by suprathermal electrons which were formed by resonant absorption of the intense laser beams.
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I. INTRODUCTION
Ever since the invention of lasers, much attention has been directed at the understanding of the fundamentals of the laser-solid-plasma phenomena. The advances in laser plasma physics led to various practical applications in this area. In the field of materials science, the use of high intensity laser beams to deposit thin films has shown great promise in the synthesis of many advanced materials. 1 Pulsed laser deposition ͑PLD͒, known for well over 2 decades, has gained prominence in the deposition of a wide variety of thin film materials such as superconductors, semiconductors, dielectrics, metals, and biomaterials, among others.
The characteristics of PLD differ significantly from conventional thermal evaporation methods. PLD was first distinguished by the formation of high temperature (10 4 -10 5 K) plasma, as well as ejected target species with high kinetic energies ͑ϳ10s-1000s eV͒, followed by a forward-directed nature of the ablated materials. The energetic nature of laser induced plasma is believed to play an important role in synthesizing certain thermodynamically metastable materials, including diamond-like carbon ͑DLC͒, cubic silicon carbide (c-SiC), and cubic boron nitride (c-BN). 1 DLC can be considered as a metastable form of carbon material covering the spectrum between diamond and graphite. But unlike crystalline graphite or diamond, which consists of 100% sp 2 and 100% sp 3 , respectively, hybridized carbon atoms, DLC films have a mixture of sp 3 and sp 2 bonding and are generally amorphous, due to the lack of a long range. DLC possesses properties similar to those of diamond rather than graphite, including high mechanical hardness, high electrical resistivity, excellent chemical inertness, and optical transparency. In addition, a smoother surface topography, better adhesion to the underlying substrates, and relative ease in fabrication have made DLC films a desirable choice in certain applications. For these reasons, they have been one of the most actively researched thin film materials over the past 2 decades, primarily as an alternative to diamond coatings. Most successful PLD depositions of DLC films conducted so far have employed either excimer ͑KrF, ArF, XeCl͒ or Q-switched solid state lasers such as various frequency modified Nd:YAG beams. [2] [3] [4] [5] These lasers all have pulse duration in the nanosecond range. Depending on the laser energy and beam diameter focused on the target, laser intensities in the 10 8 -10 11 W/cm 2 range are most commonly achieved. Past experiments have indicated that the fraction of sp 3 bonds increased as a function of increasing laser intensity. The plasma formed under these conditions was found to consist of ionized carbon particles with moderately high kinetic energies, increasing from several eV up to several hundreds of eV as a function of laser intensity. Conversely, as a kinetic condensation process, formation of the metastable sp 3 bonding structure is expected to be destroyed under excessive high energy ion bombardment, resulting in the more stable sp 2 graphitic structure as recently shown.
This motivated us to investigate the growth of DLC films using laser beams with a 100 fs ͑FWHM͒ pulse duration. The laser system employed in our study was a solid state Ti:sapphire laser system based on the chirped pulse amplification ͑CPA͒ technique, which enables the generation of high peak intensity laser pulses with extremely short pulse width. 6 By using this system, we were able to increase the intensity up to the 10 14 -10 15 W/cm 2 range with only moderate laser energies. The laser plasma created under these conditions was studied through time-of-flight ͑TOF͒ experiments. This investigation was intended to establish a correlation between the ablated carbon ion kinetic energy and the grown DLC film properties, as a function of laser intensity.
II. EXPERIMENTS
DLC films were deposited using 100 fs Ti:sapphire pulses at laser intensities within the 3ϫ10 14 -6 ϫ10 15 W/cm 2 range. The pulse is near Gaussian shaped, centered at around 780 nm wavelength, with a FWHM of 100 fs. Due to compressor gratings absorption, the maximum laser energy is about 40 mJ.
The deposition system consists of a high vacuum deposition chamber coupled with vacuum laser beam delivery tubes ͑base pressure was maintained at 2ϫ10 Ϫ6 Torr͒. A high purity ͑Ͼ99.999%͒ polycrystalline graphite disk was used as the ablation target. The distance between the target and the substrate was kept at 4 cm during each deposition. A thin 3 mm MgF 2 laser window served as the front vacuum window. A p-polarized, high damage threshold reflective mirror positioned inside a turning box directs the beam into the deposition chamber. A gold plated aluminum off-axis parabolic mirror was used to focus the incoming laser beam onto the target. The parabolic mirror has a 10 cm effective focal length and a 60°off-axis angle.
The femtosecond laser beam was capable of breaking down air even at relatively low energy levels. During film deposition, the target was placed at an off-focal position to maintain a larger spot size. This was found to be necessary to keep the otherwise tightly focused beam from cutting a deep trench on the target surface. A minimum beam diameter of 50 m was used in calculating the Ti:sapphire laser intensity in our study. This compares with a measured focal spot of 11 m, using an image relay technique; at low laser intensities, a microscope lens was positioned near the mirror focal and it projected the image of the focal spot onto a charge-coupled device ͑CCD͒ camera. Conversely, a damaged surface spot with 80 m in diameter was measured under an optical microscope.
The DLC films were deposited onto fused silica and silicon substrates at base vacuum pressure. The SiO 2 substrates were optically polished on both sides with a roughness Ͻ20 Å. Silicon substrates were single crystal wafers cut into 1 cmϫ1 cm squares, which were ultrasonically cleaned in acetone/methanol before been loaded into the deposition chamber. During the deposition processes, different intensity levels were achieved by varying the incident laser energy and the beam spot size, while keeping the laser pulse width constant. The deposition conditions for DLC films are summarized in Table I .
The film properties were analyzed with various techniques and correlated with the laser intensity. Carbon ion kinetic energy as a function of laser intensity was measured by TOF experiments. A field-free drift tube coupled with a Faraday ion collector was used for this. 7 Ion transit time between the target surface and the Faraday cup was measured as a function of laser intensity. The ion velocity was determined from the time lapse between the laser onset and the TOF distribution peak, which corresponds to the most probable carbon ion velocity V m with a BoltzmannMaxwellian-like distribution. Their kinetic energies can then be calculated from KEϭ0.5M V m 2 , where M is the carbon ion mass. Ion signals collected by the Faraday cup were monitored by a digital oscilloscope and relayed through a general purpose interface bus card to a computer. The triggering signal was provided by the Pockels cell wave voltage, which coincides with the onset of each laser pulse. The Faraday cup surface was kept perpendicular to the target normal for all the TOF measurements.
III. RESULTS AND DISCUSSION
This section details the experimental results of our investigation. First, results from the TOF experiments are presented. This is followed by a presentation of the DLC film properties analyzed by various techniques.
A. TOF measurements
TOF data were taken at base pressure and averaged over eight pulses on the oscilloscope, with laser intensity in the 1ϫ10 14 -6ϫ10 15 W/cm 2 range. The upper intensity limit was typical of the maximum laser intensity used in making DLC films, while the lowest intensity value was determined by the oscilloscope signal/noise ratio. Figure 1 shows a typical TOF spectrum taken at a laser intensity of 3ϫ10 14 W/cm 2 . The ''zero time,'' corresponding to the moment the laser pulse strikes the target surface, is referenced by the early spike on the spectrum preceding the main plasma peak, which was generated by the soft x rays emitted by the plasma. Notice that in addition to the main ion peak marked as V m , there is a second peak marked as V s in the spectrum, preceding the main peak. When converted into ion velocity ͑see Fig. 2͒ , this early peak represents a component of the carbon plasma expanding at a much faster speed V s than that of the most probable ion velocity V m . At this intensity level, V m was calculated to be around 6ϫ10 6 We designated the carbon ions responsible for the early peak as ''suprathermal ions.'' Here the term ''suprathermal'' is a relative one used with respect to the main ion peak, which itself may have a kinetic energy much higher than that represented by the plasma thermal energy. Both the main and suprathermal plasma peaks shifted to shorter time scales at higher laser intensities. The carbon ion velocities V m and V s were computed and plotted in Fig. 3 as a function of laser intensity. Assuming atomic carbon ions, their kinetic energies, E m and E s , were calculated and shown in Fig. 4 . The most probable carbon ion kinetic energy E m had a maximum value of ϳ2.0 keV at a laser intensity of 6ϫ10 15 , I being the laser intensity.
The observation of suprathermal ions in a femtosecond laser induced plasma has not been previously reported. Although the suprathermal ions constitute only a small fraction of the total ionized particles generated in the laser plume, they could nonetheless play a significant role in the formation of metastable DLC film structures. If the optimal ion kinetic energy of laser induced plasma does indeed fall between several tens to several hundreds of eV as suggested by earlier experiments and clearly shown recently for nanosecond laser pulses by Merkulov et al., 5 these suprathermal ions alone could very well push the resultant films over the potential barrier back into the graphitic regime. 8 Although the neutral carbon atoms are known to form the major part of the plasma plume at latter stages, their kinetic energy is too small in comparison with that of ions and suprathermal ions and their role in changing the film structure and composition is marginal. We believe that the suprathermal ion peak detected in the TOF spectra arises from highly charged carbon ions, as suggested earlier by Ehler 9 and Stevefelt and Collins. 10 We were unable to derive the exact ion charge state with our present setup. An electrostatic spherical sector analyzer, which will be able to distinguish ions with different mass/charge ratios, is currently under construction.
The mechanism of suprathermal ion formation should be related to the generation of suprathermal electrons and the electrostatic field established by these electrons. At laser intensities of 10 14 W/cm 2 and above, a plasma absorption mechanism called resonant absorption, may play a more important role than the inverse bremsstralung absorption mechanism. At these high laser intensities, when a Ti:sapphire laser beam is incident on the graphite target at an oblique angle of 60°off the parabolic mirror, the laser wave will be refracted by the charge density gradient with a turning point at nϭn c cos 2 (60°)ϭ4.5ϫ10 20 /cm 3 , before the critical density surface. For a p-polarized laser beam such as the one used here, where the laser electric field vector is parallel to the plane of incidence, the solution of Maxwell's equation showed a singularity in the magnitude of the oscillating electric field vector at the point of reflection. The oscillating field can resonantly drive an electron plasma wave to very large amplitudes. This resonant singularity may be viewed as a tunneling of the evanescent wave from the turning point to the critical layer, where it resonantly excites a plasma. 11 As a result, oscillatory motion of the electrons due to this abnormally high electric field creates a charge separation, which at a finite electron temperature leads to the propagation of a plasma wave. At finite temperature there is a direct transfer of energy from photons to plasma wave which subsequently converts its energy to electron thermal energy. This collisionless wavebreaking process in resonance absorption gives rise to the so-called suprathermal electrons.
Suprathermal electrons have been previously observed in laser fusion studies, [12] [13] [14] [15] where the laser intensities used are similar to those generated by the femtosecond pulses in our experiment. These suprathermal or sometimes termed ''fast electrons'' are characterized by a temperature that is on the order of 10-20 times higher than that of the background plasma temperature and scales as (I 2 ) a T b , where a and b generally have values between 0.25 and 0.50 and I is the laser intensity, is the laser wavelength, and T is the background plasma temperature. Particle simulations by Freidberg et al. 16 also showed that a small number of suprathermal electrons could be created as an outward moving stream originating from the critical density region.
Due to their small inertia, the plasma electrons will start to move towards the vacuum side once the laser pulse terminates and the balancing ponderomotive pressure no longer acts as an impeding force against the thermal pressure. The much heavier carbon ions, however, will remain relatively ''cold'' and stationary during the pulse span. In this early stage of plasma expansion, with an electron density on the order of 10 23 /cm 3 , the plasma has a Debye length D ϭ740(T e /n e ) 0.5 ͑in cgs units͒ of the order of only several angstroms. The ions thereby will not be able to feel the effect of the electric field established by the electrons and no ion acceleration occurs until the plasma has expanded to a much lower density level, where the Debye length becomes comparable to the plasma dimensions. The requirement for the plasma as a whole to maintain quasineutrality then establishes a time dependent electrostatic potential in the lower density coronal region. Here the suprathermal electrons lead the expansion of the plasma and, through the radial electric field set up by charge separation, a fraction of the plasma ions will be accelerated to high velocities according to their charge Z. We believe it is this process that produced the suprathermal ions observed in our TOF experiments. 17, 18 In the meantime, a return electron current is established by this electric field to maintain both charge and momentum balances. 19 These ions will eventually move at the same velocity as the suprathermal electrons, and their kinetic energy saturates when all the electron energy has been extracted.
A quantitative measurement of the suprathermal ion fraction is difficult. This is because the TOF peaks corresponding to suprathermal and to slow ions are a function of both the particle number and their charge state, which could not be differentiated with the current setup. However, if one assumes that ions have the same charge and both assume Maxwellian-like distributions, it can be estimated that at a laser intensity of 3ϫ10 14 W/cm 2 , their ratio is ϳ10 Ϫ2 , and it decreases to ϳ10 Ϫ3 at 6ϫ10 15 W/cm 2 . This finding is not well explained and we suspect that the contrast ratio of the Ti:sapphire laser pulse may have played a role.
There are two factors affecting the contrast ratio in a CPA laser system. One is the so-called amplified spontaneous emission ͑ASE͒ which originates from spontaneous emission from various amplifier stages. ASE is present as a low but rather broad background noise with a time scale up to tens of nanoseconds in the output spectrum. The second factor involves the stretching/compression scheme of the laser system. When there is a compressor/stretcher mismatch and/or spectral distortion by the amplifier system, the compressed laser pulse may have pedestals, or ''wings'' in front of and after the main peak, which can extend to over hundreds of picoseconds. For a subpicosecond Ti:sapphire laser pulse with extremely high intensity, even a relatively small amount of prepulse can generate a low density plasma on the target surface before the main laser peak arrives. Assuming background ASE/pedestals with time scales on the order of 1 ns, a minimum contrast ratio of 10 6 :1 would be required to eliminate the possibility of a preplasma formation on the graphite target, even at the lowest laser intensity of about 1 ϫ10 14 W/cm 2 employed in our study. This is because the ablation threshold for graphite for a ns pulse duration was estimated to be around 1ϫ10 8 W/cm 2 . 20 Therefore, when the laser intensity is increased to higher values, it is very likely that a low density plasma may have been created before the arrival of the femtosecond pulse. As a result, these less intense, long duration prepulses will generate more ''slow ions'' in the plasma. They may obscure the TOF signal from the suprathermal, or ''fast ions'' induced by the main femtosecond pulse, thus making a quantitative estimation of the suprathermal ion fraction unreliable. B. DLC film properties
Scanning probe microscopy (SPM)
The DLC films deposited on SiO 2 substrates are visually smooth and largely transparent with a light yellowish tint. Those deposited at higher intensities appear to be more absorbing with a darker appearance. The DLC films deposited onto Si substrates have a black and sometimes bluish tint. Color interference fringes can be seen on thinner samples. The films are resistant to the razor blade scratch test. They also remain intact after being submerged in a 1:3 HCl:HNO 3 solution for over 12 h, suggesting good chemical inertness. Thicker films, however, tend to buckle and peel off from the substrates once they are removed from the vacuum environment.
A TopoMetrix ® 2000 series SPM, operated in the force sensor mode by applying a constant force on the sensor probe, also called an atomic force microscope ͑AFM͒ was used to study the film topography. Figures 5, 6 , and 7 display the AFM images of DLC films deposited on SiO 2 at laser intensities of 3ϫ10 14 , 1ϫ10 15 , and 6ϫ10 15 W/cm 2 , respectively. Under AFM, these films appeared to have high particle densities, especially for those grown at higher laser intensities, when the entire surface area was covered with micron-sized particles. The average particle size, however, remained largely unchanged. No large chunks of clustered particles were observed even on samples deposited at the highest intensity. Splashing of the target microparticles was visually observed in the laser plume, when tight focal spots were used.
Variable angle spectroscopic ellipsometry (VASE)
The optical properties of the DLC films deposited on SiO 2 substrates, n and k, the real and imaginary part of the film complex index of refraction, were analyzed by VASE ellipsometry ͑J. A. Woollam Company͒.
The n and k were measured as a function of the incident beam wavelength ͑300-1000 nm͒ as well as the angle of incidence ͑65°and 75°͒. To prevent the probe light reflected by the substrate backside from reaching the detector and interfering with the signal, we used fused silica substrates with a thickness of 3 mm. To obtain unique solutions for both the film thickness and its optical constants, the data obtained by VASE were correlated with the transmission data from the same sample. 21 Intensity transmittance measurements were carried out by setting the ellipsometer in the straight through configuration (ϭ90°). A baseline intensity of the incident beam was first measured without the sample in place. The DLC film transmittance was then obtained by measuring the beam intensity with the sample in place and dividing the transmitted intensity by the baseline intensity. Plotted in Figs. 8 and 9 as a function of wavelength, are the transmittance of DLC samples deposited at laser intensities of 3ϫ10 14 the UV range. The film deposited at 6ϫ10 15 W/cm 2 , on the other hand, is much more absorbing with a 65% transparency at 1000 nm wavelength. At 600 nm, its transmittance is only about half that of the film deposited at 3ϫ10 14 W/cm 2 . The best fits of the ellipsometric data were achieved with a parametric semiconductor model. The refractive index n and the extinction coefficient k of the DLC films are plotted in Figs. 10 and 11, 12 respectively, as a function of laser intensity. A rather consistent trend is seen among these DLC samples. As the laser intensity increases, the films become more absorbing ͑higher k͒ and refractive, consistent with the transmittance measurement. For each sample, the film is more transparent in the IR and visible range than in the UV region. Demichelis et al. 22 have demonstrated that it is possible to directly deduce the sp 3 /sp 2 ratio of the DLC films from the experimental values of the complex dielectric constants ⑀ 1 and ⑀ 2 . However, their approach could not be successfully carried out in our ellipsometry study since the maximum photon energy attainable was only about 4 eV.
Depending on film thickness and laser intensity, these DLC films were measured to have electrical resistance ranging from several hundred thousand to several mega-ohms. For amorphous semiconducting materials such as DLC films, the Tauc model 23 is often used to describe their optical band gaps, where the energy dependency of the absorption coefficient ␣ is expressed as:
where E is the photon energy, B is a constant, and E T is the Tauc band gap. The absorption coefficient ␣ is calculated from ␣ϭ4k/, where k is the extinction coefficient and is the photon wavelength. For the Ti:sapphire laser deposited DLC films in our experiment, their band gaps showed a tendency to decrease as a function of increasing laser intensity. This can be related to the defect states introduced by the energetic carbon particles. It has been shown that there exists an inverse correlation between the defect density and the optical band gap of amorphous DLC films. 24 In a DLC film containing both and bonds, the defects are expected to be predominant due to their lower formation energy. A higher carbon ion kinetic energy will increase the amount of defect states in the films, lowering the optical band gaps of films deposited at higher laser intensities. In the case of femtosecond laser deposited films, additional defects are likely to have been introduced because of the high energy suprathermal ion component found in the laser plasma, thus further decreasing the optical band gap.
Raman spectroscopy
Raman spectra were taken from the same DLC samples examined by ellipsometry. The instrument used is a Kaiser Optical System, Inc. HoloProbe spectrometer which consists of an imaging spectrograph integrated with a fiber-optic probe head, an Olympus BX60 microscope, a CCD camera, and various compact laser components. The laser source used in this spectrometer is a 532 nm diode-pumped, frequency-doubled Nd:YAG laser. The system's imaging spectrograph is equipped with a HoloPlex™ grating and placed in the axial-transmissive spectrograph configuration. 25 This compact design provides spectral coverage up to 4500 cm Ϫ1 in one single exposure. The Raman spectra were taken with a laser power of 11 mW measured on the film surface. The probe beam diameter was determined to be ϳ16 m with a 50ϫ objective lens. The spectra acquisition time was set at 10 s. With the cosmic light filter on, actual acquisition time doubled to 20 s. Figure  13 shows typical Raman spectra taken from DLC samples deposited on SiO 2 substrates, along with those taken from a graphite target and a free standing CVD diamond film.
The Raman spectral features of the DLC films are distinctively different from that of the CVD diamond and the graphite target, as shown in Fig. 13 . Instead of well-defined D and G peaks, these DLC samples exhibited a broadband structure covering the spectrum ranging from about 1000 to 2000 cm
Ϫ1
. This broadband can be interpreted as a convolution of the two-component structure of a microcrystalline graphite: a relatively narrow G band centered at around 1550 cm Ϫ1 and a much broader D shoulder embedded at a lower wave number. A common practice in analyzing the small differences among these spectra is to mathematically fit them with two damped harmonic oscillator functions
where dI/d is proportional to the detector signal at , 0 is the undamped mode frequency, is the frequency shift from the laser line, and ⌫ is the damping constant. An integration of the above equation gives the intensity I associated with each Raman band. The Raman spectra were fitted in the spectral range between 1200 and 1800 cm
. Summarized in Table III are the parametric values used in fitting the Raman spectra, including the peak center position for the G and D bands, as well as their respective bandwidth.
When compared with the graphite target, the G band of every DLC sample was observed to have shifted from 1580 cm Ϫ1 down to the 1520-1530 cm Ϫ1 range. As the laser intensity increased from 6ϫ10 14 to 6ϫ10 15 W/cm 2 , the G bands showed a slight upward shift, but their bandwidths ͑FWHM͒ did not exhibit a well-defined trend and remained largely unchanged. On the other hand, the D bandwidths displayed a clear upward drift as a function of increasing laser intensity, their values more than doubled from 150 to 340 cm Ϫ1 as the laser intensity was increased from 6ϫ10 defined correlation with the laser intensity either, although it also appeared to have downshifted to lower wave numbers ͑1321-1343 cm Ϫ1 ͒ when compared with that of the graphite D band at 1345 cm Ϫ1 . The relationship between the D band center position and that of the DLC structure is less well established. Although it has been suggested that there was a possible D band downshift as a result of increasing sp 3 content and/or bond-angle distortion, 26, 27 this observation has been rebutted by recent experiments. 28 The observed G band downshifting from that of the graphite target has confirmed the notion that there exists a certain amount of sp 3 bonds as well as a certain degree of bond-angle distortion in these DLC films. It is also tempting to suggest that the films deposited at lower laser intensities have higher sp 3 fractions, in light that their G bands are centered at lower wave numbers and they have higher optical band gaps measured by ellipsometry. However, one has to be cautious because the effects of sp 3 content and bond-angle disorder on the G band downshift may not be easily differentiated, considering the fact that the existence of bond-angle distortion and sp 3 bonds in a DLC film are often correlated. In addition, it has been demonstrated that Raman band shift could be introduced as a result of residual stresses in the DLC films. 29 Our TOF and ellipsometry measurements have indicated that the DLC films are condensed from carbon particles with very different kinetic energy and they have unequal film thickness, which could give rise to various compressive stresses at the film/substrate interface. This residual stress cannot be easily relaxed because of the rigid SiO 2 substrate. Thereby the Raman band shift resulting from the residual stress and that from the change of structure disorder in the films often could not be separable.
Another conclusion that can be drawn from the Raman study is that the DLC films grown at higher laser intensity levels have a higher degree of bond-angle distortion, most likely caused by the higher particle energies. This is consistent with the study of Enke, 30 who found a direct relationship between the D bandwidth and that of the film bond-angle distortion.
As mentioned earlier, the D band center position did not exhibit a clear correlation with the laser intensity. In addition to possible complications caused by the presence of residual stress, some artifacts associated with the fitting process such as the selection of the fitting range, background intensity treatment, and the choice of oscillating functions might have played a role. Thereby for DLC films, which do not have well-defined vibrational/translational peaks, Raman spectroscopy analysis can at best be treated as a semiquantitative technique.
Sinha et al. 31 , are as much as 50 times stronger Raman scatters than the sp 3 bonds. 32 As a result, the Raman spectrum will be most sensitive to the presence of sp 2 bonds in a DLC film, even when they only constitute a relatively small fraction of the total bonding sites.
Electron energy loss spectroscopy (EELS)
EELS was used in this study to quantify the sp 3 content of the grown DLC films. A Gatan EELS with a maximum resolution of ϳ0.5 eV, defined by the FWHM of the zero loss peak, attached as an auxiliary to a field-emission analytical TEM, was used in our experiment. Carbon K-shell edge spectra were taken between 280 and 320 eV at an accelerating voltage of 150 kV. EELS samples were prepared by first depositing DLC films onto cleaved sodium chloride ͑NaCl͒ crystals, which were then floated off in de-ionized water onto copper grids. Film thickness was controlled to be less than 700 Å to alleviate the effects of multiple electron scattering.
Two DLC samples deposited at laser intensities of 3 ϫ10 14 and 5ϫ10 15 W/cm 2 , respectively, by the femtosecond Ti:sapphire pulses were analyzed by EELS. Figure 14 shows the K-shell edge EELS spectra acquired from these two DLC films. The EELS spectra of an arc evaporated carbon film and a free standing CVD diamond film, presumed to contain 100% sp 2 and 100% sp 3 carbon bonds, respectively, were used as standards and are also plotted in the same graph for comparison. All presented data were collected in one session to minimize the uncertainties caused by different probing conditions.
One can notice in Fig. 14 that transitions from the carbon 1s core level to the empty * antibonding states ( * transitions͒ caused a strong absorption peak at ϳ285.5 eV for the graphitic carbon film, as a result of its local sp 2 bonding structure. On the other hand, the ˜* peak is totally absent from the EELS spectrum taken from the CVD diamond film. This is because the sp 3 bonds in diamond contain only but no orbitals. Instead, the 1s˜*, or ˜* transitions ͑transitions from the 1s core level to the * antibonding states͒ start at a higher energy of about 290 eV. These transitions also lead to distinct near-edge features beyond 290 eV. This extended energy-loss fine structure is analogous to the extended absorption fine structure in x-ray absorption spectroscopy. In comparison, the EELS spectra for the two DLC samples, which contain a mixture of sp 3 and sp 2 bonded carbon atoms, lie somewhere between that of the graphitic carbon and the CVD diamond. The small ˜* peaks measured in their EELS spectra suggest their diamond-like nature. In addition, due to the amorphous nature of these DLC films, the fine EELS features beyond 290 eV found in the diamond film have been lost. Because the energy loss signal in a EELS spectrum is derived from primary electron interactions, the number of electrons that have lost energy due to ˜* and ˜* excitations can be directly estimated by the net integrated intensity of the corresponding peak in the K-shell edge region. A formula for estimating the sp 3 3 bonded carbon content of ϳ50%. The limiting factors in this estimation include possible bonding state change under the intense electron beam bombardment, as well as the uncertainties involved in background subtraction and integration window cutoffs.
IV. CONCLUSION
In summary, we have systematically experimented with the use of intense femtosecond laser beams to deposit thin, hydrogen-free diamond-like carbon film materials at laser intensities in the 10 14 -10 15 W/cm 2 range, which are at least three orders of magnitude higher than those employed by conventional PLD techniques, using a Ti:sapphire ͑100 fs at FWHM͒ laser beam.
The DLC film properties, including their surface topography, optical constants, bonding structure, as well as sp 3 content, were studied as a function of laser intensity. DLC films were grown at room temperature with good scratch resistance, excellent chemical inertness, and high optical transparency in the visible and near IR range. Film quality was observed to have decreased as the laser intensity was increased from 3ϫ10 14 to 6ϫ10 15 W/cm 2 . This was evident by an increased surface particle density, a decreased optical transparency, and Tauc band gap, as well as a lower tetrahedrally bonded sp 3 carbon atom percentage.
The formation of laser deposited DLC films is believed to be an ion assisted energetic condensation process, with the carbon particle kinetic energy being one of most important factors affecting the film properties. For the femtosecond laser induced plasmas, the TOF spectra of carbon ions exhibited a double-peak distribution, with a fast moving suprathermal ion component preceding a majority of slower thermal ions. By varying the laser intensity in the 1ϫ10 14 -6 ϫ10 15 W/cm 2 range, it was estimated that the most probable ion kinetic energy displayed an I 0.55 dependence, increasing from 60 to over 2000 eV. On the other hand, the suprathermal ions were measured to have kinetic energies ranging from 3 to over 20 keV and a I 0.33 dependence. Only a small fraction of the carbon particles were made of suprathermal ions. They are believed to be generated by a time dependent electrostatic acceleration field induced by the suprathermal electrons which are formed due to resonant absorption of the intense, p-polarized laser beam. Because of their excessive energy, the highly energetic suprathermal ions in the femtosecond plasma are detrimental to the DLC film formation.
